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Introduction:  Impact cratering is the most ubiqui-
tous geomorphological phenomenon in the solar sys-
tem. Ponds of once molten material often occupy the 
bottoms of lunar craters [1,2,3,4]. The melt was origi-
nally produced during the intense heat and pressure of 
impact, and has the potential to give us insight into the 
physics of impact cratering, as well as potentially en-
coding information about the materials comprising im-
pacted surfaces. Here, we seek to define a methodology 
capable of placing an upper bound on simple lunar im-
pact crater melt volumes using Lunar Reconnaissance 
Orbiter NAC and Kaguya Terrain Camera [5] digital 
terrain models (DTMs). 
One prediction we seek to test is that melt produc-
tion increases with porosity of impacted materials. Pre-
vious research suggests impact craters in the more po-
rous, anorthositic highlands contain impact melt ponds 
of greater volume than those in less porous basaltic ma-
ria in craters of comparable diameters [4,6,7]. 
Methods: Using DTMs constructed from LRO and 
Kaguya data, we seek to constrain the volumes of im-
pact melt produced in minimally modified simple lunar 
craters, ranging in diameters from 2 to 16 km.  
Our approach is to calculate a crater floor fill volume 
from the DTMs. We assume the crater cavity beneath 
the observed crater floor level has a shape that can be 
inferred from crater wall geometry. Projecting this 
shape beneath the observed crater floor (outlined by a 
polygon in ArcMap [8]), integrating the difference in el-
evation between this shape and the observed floor ele-
vation returns a volume estimate. This volume is an up-
per bound on the melt confined to the bottom of the 
crater. 
Reliability of this method depends on our choice of 
craters to study; we target craters with clearly defined 
melt ponds, without slumping features covering signifi-
cant regions of the pond, and minimal apparent modifi-
cation to wall geometries. 
The choice of excavation geometry to infer is the 
largest assumption we make. Some studies [e.g., 9] sug-
gest that transient craters assume the rough shape of a 
paraboloid, while others suggest final craters are hyper-
bolic or conical in shape [10,11]. We attempted fitting 
both of these shapes to craters and found paraboloids to 
be a poor candidate shape, as depicted in Figure 1; the 
most reliable shape is an equation of hyperbolic form: 
 
𝑧(𝑥, 𝑦) = √𝑔 + ℎ2((𝑥−𝑥𝑐)2 + (𝑦 − 𝑦𝑐)2) + 𝑧𝑐 
 
 
Figure 1: A slope map draped over a DTM of Gam-
bart A, a 12-km crater in the lunar maria. On the left 
are perspective views looking up from beneath the 
crater, and on the right are views looking into the 
crater. The middle row shows a paraboloid fitted to the 
crater walls, and the bottom row shows a cone fitted to 
the walls and clipped to the melt pond polygon. 
 
h quantifies the limit of the slope far from the center 
of the crater, xc, yc, and zc are spatial translations, and g 
parametrizes curvature near the vertex of the parabo-
loid. g=0 results in a cone, and increasing g values raise 
the elevation of the vertex and round the bottom of the 
hyperboloid. All of these values except for g can be de-
termined through nonlinear regression of sampled 
points on the DTM of the crater. g cannot be reliably 
determined from the crater wall geometry, and must be 
assumed. We fix g=0, producing a conical excavation 
geometry, which returns the highest volume estimates 
possible, setting an upper bound for melt volumes.  
We built our algorithm as a modification to an exist-
ing ArcGIS script, GeoEVE (Geologic Event Volume 
Estimator [12]), which applies our method as described 
thus far, but only fitting polynomial surfaces using lin-
ear regression. It randomly samples a user-provided 
crater wall polygon of the DTM for a user-defined num-
ber of points on the surface (ideally upwards of one mil-
lion points), and fits a polynomial surface. Curve fitting 
is highly unstable, sensitive to miniscule perturbations 
in source data, so we ran this script fifty times for each 
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crater to produce distributions of volume estimates (Fig-
ure 2). We modified GeoEVE to fit a hyperboloid trend 
to the sampled points using a non-linear regression. Fi-
nally, GeoEVE clips this trend raster and the DTM to a 
user-provided melt pond polygon, and calculates the 
difference in volume between the two, providing a  dis-
tribution of volume estimates.  
We defined our crater wall polygons by drawing 
them around regions of the crater wall with no obvious 
material deficits or excesses [e.g., 13], restricting it to 
regions of near constant slope where possible. We de-
fined our crater floor polygons by attempting to bound 
a region with no major slump features and slopes below 
8°. 
 
 
      Figure 2: Volume estimates and power law fits. Blue dots 
indicate highlands craters, and orange dots for those in maria. 
Maria trend in orange: y = 1E-08x4.1955, highlands trend in 
blue: y = 9E-07x3.7162. Frequency distribution shows 
distribution of 50 volume estimates for one crater. 
 
Results:  After estimating fill volumes for six high-
lands and ten maria craters, we found no appreciable 
difference between the two groups’ fill volumes. Power 
law curves appear to fit these data well. Volume distri-
butions have standard deviations ≤20% of the mean es-
timate, for sample sizes of 50 estimates per crater.  
Discussion:  Estimated fill volumes include not only 
impact melt, but also debris from the crater walls that 
fell into any melt on the crater floor. In Figure 1, this is 
visually apparent in the hummocks observable on the 
crater floor of Gambart A. Thus, yielded fill volume is 
greater than the true melt volume.  
An unnamed crater near Denning crater has a melt-
rich floor that is contrastingly very flat (Figure 3). In this 
case, the estimated fill volume is more representative of 
the melt volume. Nonetheless, there is likely to be a sig-
nificant amount of unmelted breccia and other impac-
tites in the crater fill [1]. 
 
 
Figure 3: A slope map on a DTM of a crater near 
Denning, 2.5km diameter. The melt pond shows less 
than four degrees of slope variation. 
 
Slumps can occlude parts of the melt pond, observ-
able in Figure 3. The floor of the crater near Denning is 
extremely level; material at its ostensible boundary 
likely slumped on top of the melt pond, obscuring its 
true horizontal extent, adding uncertainty to the defini-
tion of the melt polygon. 
Some melt generated during the impact process may 
be ejected from the crater, injected into the walls, or 
drain into fractures beneath the crater. These quantities 
of melt are also not included in the melt/fill volumes we 
calculate [14,15,16]. 
Conclusion: We have developed a quantitative 
method that provides an upper constraint on the melt 
volume inside simple craters. Future work will continue 
to refine melt volume determinations and implications 
for target effects on melting during impact. 
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